The first stratospheric measurements of the diurnal variation of the inorganic bromine (Bry) reservoir species BrONO2 around sunrise and sunset are reported. Arctic flights of the balloon- Atmos. Chem. Phys. Discuss.,
Introduction
Chlorine and bromine species play a dominant role in the contribution to ongoing stratospheric ozone depletion since the amount of equivalent effective stratospheric chlorine (chlorine and bromine) is predicted to return to 1980 values by 2050 at mid-latitudes (Newman et al., 2007; Stolarski et al., 2010) . BrONO2 is, besides BrO, the most abundant inorganic bromine (Bry) 35 compound in the stratosphere (see e.g. Brasseur and Solomon, 2005; Sinnhuber et al., 2009; Sinnhuber and Meul, 2015) . BrONO2 is formed via the reaction with BrO and NO2:
During day, BrONO2 is photolyzed with different possible channels BrONO2 + hν → Br + NO3 (R2a) 40
the Arctic vortex at the beginning of a major stratospheric warming (Wetzel et al., 2012) . The 90 second one was carried out from the same location on 31 March 2011 inside a still persistent late-winter Arctic vortex (Wetzel et al., 2015) . The third one was performed at mid-latitudes from Timmins (Ontario, Canada) on 7 to 8 September 2014. For this mid-latitude flight, we show retrieval results from spectra observed around sunset. For the Arctic flights, MIPAS-B measurements were performed from night into day. All flights have in common that fast 95 sequences of spectra were recorded in short time steps of about 10 min to enable the retrieval of photochemically active species, which change quickly their concentration around sunrise and sunset. The line of sight of the instrument was aligned perpendicular to the azimuth direction of the sun to allow for a symmetric illumination of the sounded air mass before and beyond the tangent point. The analysis of the recorded spectra is described in the following section. 100
Data analysis
Radiance calculations were carried out with the Karlsruhe Optimized and Precise Radiative transfer Algorithm (KOPRA; Stiller et al., 2002) . Spectroscopic parameters for the calculation of emission spectra were taken from the high-resolution transmission molecular absorption database (HITRAN; Rothman et al., 2009 ) and a MIPAS dedicated line list (Raspollini et al., 105 2013) . Spectral features of the molecule BrONO2 were calculated using new pressuretemperature dependent absorption cross sections measured by Wagner and Birk (2016) with a 2% intensity accuracy. KOPRA also provides derivatives of the radiance spectrum with respect to atmospheric state and instrument parameters (Jacobians) which are used by the retrieval procedure KOPRAFIT (Höpfner et al., 2002) . The vertical distance of tangent altitudes ranges 110 between 1 and 1.5 km. Thus, the retrieval grid was set to 1 km up to the balloon float (observer) altitude. Above this level, the vertical spacing increases gradually up to 10 km at the top altitude of 100 km. Considering the smoothing of the vertical part of the instrumental field of view, the retrieval grid is somewhat finer than the achievable vertical resolution of the measurement for most parts of the altitude region covered (especially above the observer altitude). To avoid 115 retrieval instabilities caused by this oversampling, a Tikhonov-Phillips regularization approach (Phillips, 1962; Tikhonov, 1963) was applied using a constraint with respect to a first derivative of the a priori profile xa of the target species:
where xi+1 is the vector of the state parameters xi for iteration i+1; ymeas is the measured radiance 120 vector and y(xi) the calculated radiance using state parameters of iteration i; K is the Jacobian matrix with partial derivatives ∂y(xi)/∂xi while S y -1 is the inverse noise measurement covariance matrix and R a regularization matrix composed of the first derivative operator and a regularization strength parameter.
The BrONO2 retrieval calculations were performed in the range of the ν3 band centred at 803.37 125 cm -1 . Figure 1 shows spectral contributions of relevant species in the BrONO2 microwindow from 801 to 820 cm -1 that has been found best appropriate to derive the BrONO2 amount from MIPAS-B spectra. Besides the target molecule BrONO2, all main interfering species H2O, CO2, O3, NO2, HNO3, COF2, HCFC-22 (CHClF2), CCl4, CFC-113 (C2Cl3F3), ClONO2, HO2NO2, and PAN (peroxyacetyl nitrate) were fitted simultaneously together with temperature, instrumental 130 offset and wavenumber shift. The molecule HO2NO2 shows a similar spectral band shape like the target species BrONO2. Since the HO2NO2 absorption cross sections (included in HITRAN) measured by May and Friedl (1993) are derived at only one temperature (220 K) a second set of cross sections derived by Friedl et al. (1994) at room temperature (298 K) was used to allow a two-point interpolation of the cross section intensity to the current atmospheric temperature. 135
Vertical profiles of minor contributing species were either adjusted in appropriate microwindows prior to the BrONO2 retrieval or taken from a climatological atmosphere (Remedios et al., 2007) , updated with surface concentration data from NOAA ESRL GMD (National Oceanic and Atmospheric Administration, Earth System Research Laboratory, Global Monitoring Division; Montzka et al., 1999) . An example of a best fit of a measured 140 MIPAS-B spectrum zoomed around the Q-branch region of the BrONO2 ν3 band for a tangent altitude near 20 km is shown in Figure 2 . The spectrum was recorded during night. If the fit is performed in absence of BrONO2 in the model atmosphere, a systematic residual is remaining around the centre of the BrONO2 Q-branch at 803.37 cm -1 (blue solid line in Figure 2 ). If the molecule BrONO2 is taken into account by the radiative transfer calculation, the systematic 145 residual around the Q-branch disappears demonstrating the existence of BrONO2 in the stratosphere. Another example for a best fit in the same altitude region but for a MIPAS-B spectrum recorded during day is illustrated in Figure 3 . Here, we recognize that for a daytime situation the effect whether the species BrONO2 is included in the radiative transfer calculations or not, is clearly smaller compared to the nighttime case (cf. Figure 2 ) such that we expect lower 150 stratospheric BrONO2 VMRs during day and higher values at night. This is confirmed by the Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -419, 2017 Manuscript under review for journal Atmos. Chem. Phys. 
Model calculations

Arctic measurements
The temporal evolution of BrONO2 measured during the balloon flight from Kiruna on 31
March 2011 inside the late winter stratospheric polar vortex is shown in Figure 6 . No PSCs Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -419, 2017 Manuscript under review for journal Atmos. Chem. Phys. were present during the time of the MIPAS-B measurement (Wetzel et al., 2015) . A nighttime maximum of BrONO2 around 25 km with values of more than 20 pptv is clearly visible. After 215 sunrise, the amount of BrONO2 decreases to maximum values of about 14 pptv around 22 km.
The corresponding EMAC simulation is depicted in Figure 7 . The overall structure of the simulated temporal evolution of BrONO2 is similar to the measured one. The chemistry climate model EMAC is able to reproduce the temporal variation of the measured BrONO2 values. However, some differences in the absolute amounts of BrONO2 are obvious. 295
The simulated BrONO2 mixing ratios are dependent on the assumed total Bry in the model, which amounts about 23 pptv in the lower stratosphere. As mentioned in Sect. 2.3 reactions of short-lived bromine-containing organic compounds are integrated into the model setup according to emission scenarios shown by Warwick et al. (2006) . This is equivalent to about 6-7 pptv inorganic bromine from these oceanic short-lived bromocarbons in the upper 300 troposphere.
As discussed in Sect. 3, Bry in the lower stratosphere was estimated from MIPAS-B measurements. For the Arctic observation in March 2011, we obtain 22.3 ± 2.2 pptv Bry and for the mid-latitude measurement in September 2014, we calculate 23.6 ± 1.9 pptv Bry in the lower stratosphere. These values can be compared to observations of stratospheric Bry 305 calculated with photochemical modelling using balloon-borne direct sun DOAS (Differential Optical Absorption Spectroscopy) BrO observations (Dorf et al., 2006; Carpenter et al., 2014) Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -419, 2017 Manuscript under review for journal Atmos. Chem. Phys. Finally, it should be mentioned that there is still some limited potential on the improvement of the spectroscopy of the interfering species (mainly HO2NO2) in the BrONO2 spectral analysis window (Wagner and Birk, 2016) . However, BrONO2 test retrieval simulations for MIPAS-B 320 (within this work) and MIPAS (Höpfner et al., 2009) have shown that future improvements in the spectroscopic database will most probably not exceed the total error limits given in this study.
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